The field of tissue engineering is severely limited by a lack of microvascularization in tissue engineered constructs. Biomimetic poly(ethylene glycol) hydrogels containing covalently immobilized plateletderived growth factor BB (PDGF-BB) were developed to promote angiogenesis. Poly(ethylene glycol) hydrogels resist protein absorption and subsequent non-specific cell adhesion, thus providing a ''blank slate", which can be modified through the incorporation of cell adhesive ligands and growth factors. PDGF-BB is a key angiogenic protein able to support neovessel stabilization by inducing functional anastomoses and recruiting pericytes. Due to the widespread effects of PDGF in the body and a half-life of only 30 min in circulating blood, immobilization of PDGF-BB may be necessary. In this work bioactive, covalently immobilized PDGF-BB was shown to induce tubulogenesis on two-dimensional modified surfaces, migration in three-dimensional (3D) degradable hydrogels and angiogenesis in a mouse cornea micropocket angiogenesis assay. Covalently immobilized PDGF-BB was also used in combination with covalently immobilized fibroblast growth factor-2, which led to significantly increased endothelial cell migration in 3D degradable hydrogels compared with the presentation of each factor alone. When a co-culture of endothelial cells and mouse pericyte precursor 10T1/2 cells was seeded onto modified surfaces tubule formation was independent of surface modifications with covalently immobilized growth factors. Furthermore, the combination of soluble PDGF-BB and immobilized PDGF-BB induced a more robust vascular response compared with soluble PDGF-BB alone when implanted into an in vivo mouse cornea micropocket angiogenesis assay. Based on these results, we believe bioactive hydrogels can be tailored to improve the formation of functional microvasculature for tissue engineering.
Introduction
While organ transplantation saves thousands of lives each year, in the USA over 100,000 people are currently waiting on the organ transplant list and 16 patients die every day awaiting an organ (United Network for Organ Sharing, www.unos.org). The increasing demand for donated organs to replace damaged or diseased tissues cannot be met by the current supply from cadaveric and living donors. The field of tissue engineering aims to meet this demand by replacing injured and diseased tissues with functional engineered counterparts. However, these efforts are severely limited by a lack of microvascularization within engineered constructs, as diffusionbased transport of nutrients within the timeframe and at the concentrations necessary to support cell survival is limited to a few hundred microns [1] .
Platelet-derived growth factor (PDGF) is a molecule important in the establishment of the vasculature that also has roles in the development of the kidneys, lungs and central nervous system. Four isoforms of PDGF are known, PDGF-A-PDGF-D, with PDGF-A and PDGF-B forming homo-and heterodimers. The homodimer PDGF-BB, often involved in angiogenesis, is released in high concentrations by endothelial cells at the sprouting tip of forming capillaries in response to hypoxia, growth factors and shear stress, and serves to mediate pericyte recruitment [2, 3] . Although not involved in initial vessel formation, PDGF-BB is involved in neovessel stabilization and functionalization by inducing anastomoses and recruiting pericytes. Vessel stabilization has been shown to be dependent upon expression of PDGF b-receptors, which are expressed by fibroblasts, endothelial cells and smooth muscle cells [4, 5] . PDGF-BB also stimulates pericyte production of extracellular matrix proteins, including fibronectin, collagen and proteoglycans, necessary for the basement membrane of capillaries. In addition, PDGF-BB increases expression levels of vascular endothelial growth factor (VEGF) in mural cells and stimulates fibroblasts to produce and secrete collagenases, key for cell migration in angiogenesis [6] .
Growth factors with widespread effects, such as PDGF-BB, have seen relatively few clinical successes despite documented in vitro efficacy [7] . This is possibly due to a short circulating half-life [8] 1742-7061/$ -see front matter Ó 2010 Published by Elsevier Ltd. on behalf of Acta Materialia Inc. doi:10.1016/j.actbio.2010.08. 018 or the potential for unintended action due to the ubiquity of PDGF-BB targets. Covalent immobilization enables controlled, spatial presentation of potent growth factors to stimulate a desired response and mediate potential drawbacks. Immobilization of biomolecules can be accomplished by attaching them to a polymer, such as poly(ethylene glycol) (PEG), which is then incorporated into a larger scaffold network. The conjugation of growth factors to PEG has been shown to improve solubility, decrease immunogenicity and increase stability [9, 10] , while at the same time retaining bioactivity of the original molecule. For example, PEGconjugated epidermal growth factor (EGF), which does not diffuse or become endocytosed, has been shown to be bioactive and capable of inducing DNA synthesis in a manner comparable with soluble EGF [7] . In another study, PEG-VEGF incorporated into a biodegradable gel not only increased endothelial cell tubulogenesis, but also increased endothelial cell motility 14-fold and cell-cell connections 3-fold [11] .
Synthetic polymer matrices facilitate the design of scaffold materials with reproducible and modifiable characteristics, such as drug delivery rates, degradation rates and mechanical properties. Poly(ethylene glycol) diacrylate (PEGDA) is a hydrophilic and biocompatible polymer which can be designed to mimic the mechanical properties of soft tissue [12] . A PEGDA hydrogel acts as a ''blank slate" by resisting protein absorption and cell adhesion, enabling precise modification with bioactive ligands and growth factors to induce desired responses, such as cell adhesion, migration and proliferation [13] . In addition, matrix metalloproteinase (MMP)-sensitive sequences can be incorporated into the monomer backbone to enable biodegradation of the synthetic matrix [14] . PEGDA can be photocrosslinked by introducing a photosensitive chemical catalyst into the prepolymer solution, and mild crosslinking conditions permit cellular encapsulation [11] . Upon stimulation with growth factors that induce migration, encapsulated cells will secrete MMPs, which enable degradation of the specifically tailored matrix.
The current studies used bioactive, PEG-based hydrogels modified with covalently immobilized PDGF-BB to promote in vitro tubule formation and stabilization, as well as in vivo angiogenesis. Bioactive, immobilized PDGF-BB was shown to enhance the angiogenic activities of tubule formation on modified surfaces in two-dimensional (2D) and promote cell migration into threedimensional (3D) degradable hydrogels. Since angiogenesis and vessel stabilization in vivo require precise coordination between multiple growth factors, the combination of PDGF-BB with fibroblast growth factor-2 (FGF-2) was also investigated. PDGF-BB and FGF-2 have previously been found to induce a synergistic vascular response in both the mouse cornea and ischemic hindlimb models [15] . In the current work the combination of covalently immobilized PDGF-BB and FGF-2 showed enhanced cell migration in 3D degradable hydrogels.
Previous research has shown that a co-culture of human umbilical vein endothelial cells (HUVECs) and 10T1/2 pericyte precursor cells formed long-term stable vessels in vivo on a fibronectin-type I collagen matrix [16] . Additionally, 10T1/2 cells, when cultured with HUVECS, displayed a smooth muscle cell morphology and began expressing pericyte markers, such as smooth muscle a-actin, smooth muscle myosin and calponin via the transforming growth factor b1 (TGF-b1) pathway [17] . However, FGF-2 has been shown to act as an antagonist of TGF-b1-induced smooth muscle cell gene expression in 10T1/2 cells [18] . In the current studies a co-culture of cells resulted in tubule formation independent of surface modifications with covalently immobilized growth factors, and a FGF-free medium enhanced tubule formation. Finally, bioactive hydrogels containing the combination of both soluble PDGF-BB to initiate angiogenesis and immobilized PEG-PDGF-BB exhibited a significant increase in vessel density when assessed in the mouse cornea micropocket angiogenesis assay. These studies reaffirm that PEG-based hydrogels can be designed with covalently immobilized growth factors to stimulate a desired cellular response.
Materials and methods

Cell maintenance
HUVECs (Lonza, Walkersville, MD) were cultured in endothelial growth medium EGM-2 (Lonza), supplemented with ascorbic acid, epidermal growth factor, fibroblast growth factor (hFGF-2), heparin, hydrocortisone, insulin-like growth factor, GA-1000 (gentamicin and amphotericin-B), 2% fetal bovine serum (Bulletkit, Lonza), 2 mM L-glutamine, 1 U ml À1 penicillin and 1 lg ml À1 streptomycin (GPS) (Sigma, St. Louis, MO). 10T1/2 cells (American Type Culture Collection, Manassas, VA) were cultured in Dulbecco's modified Eagle's medium with high glucose (DMEM) (Gibco, North Andover, MA) supplemented with 10% fetal bovine serum and GPS. HUVECs were used from passages 4 to 6, and 10T1/2 cells were used from passages 15 to 19. Cells were maintained in an incubator at 37°C and 5% CO 2 with medium replenished every 2 days and subculturing as necessary.
Synthesis and purification of poly(ethylene glycol) diacrylate (PEGDA)
PEG (molecular weight 6000 Da; Fluka, Milwaukee, WI) was acrylated by reacting dry PEG with acryloyl chloride (Sigma, St. Louis, MO) and triethyl amine (TEA) (Sigma) in anhydrous dichloromethane (DCM) (Sigma) under argon gas overnight at 1:4 PEG:acryloyl chloride and 1:2 PEG:TEA molar ratios. The resulting solution was washed with 2 M K 2 CO 3 and allowed to separate into aqueous and organic phases overnight. PEGDA, in the organic phase, was dried using anhydrous MgSO 4 followed by filtration. The polymer was precipitated in diethyl ether, filtered and dried overnight under vacuum. PEGDA powder was stored at À20°C under argon gas.
Synthesis and purification of PEG-RGDS and degradable PEG-PQ-PEG
PEG-RGDS was synthesized by dissolving the cell-adhesive peptide Arg-Gly-Asp-Ser (RGDS) (American Peptide, Sunnyvale, CA) in anhydrous dimethyl sulfoxide and adding diisopropylethylamine. Dissolved RGDS was added to dry acryloyl-PEG succinimidyl carboxymethyl (PEG-SCM) (Laysan, Arab, AL) at a 1.1:1 PEG-SCM:RGDS molar ratio. This mixture was placed on a rocker overnight, dialyzed against water in a regenerated cellulose membrane to remove unwanted products and lyophilized. Hydrogels were rendered degradable by the incorporation of a collagenase-sensitive peptide, GGGPQGIWGQGK (abbreviated to PQ), into the backbone of the PEGDA base polymer. The PQ peptide was first synthesized using Fmoc chemistry on an APEX 396 solid phase peptide synthesizer (Aapptec) and characterized using MAL-DI-TOF. The synthesized peptide was conjugated to PEG by following a similar procedure as above with a 2.1 M excess of PEG-SCM. Conjugation of PEG-RGDS and PEG-PQ-PEG were confirmed using a gel permeation chromatography (GPC) system equipped with a PLgel column (5 lm, 500 Å, Polymer Laboratories, Amherst, MA) and an evaporative light scattering (ELS) detector (Polymer Laboratories). The PEG-RGDS was dissolved in 0.1% ammonium acetate in dimethylformamide (DMF) solvent and tested against a PEG-SCM standard.
Synthesis and purification of acryloyl-PEG-succinimidyl carbonate (PEG-SMC)
The organic solvents needed to accommodate the short half-life of the succinimidyl carboxymethyl reactive group on the PEG-SCM, which was purchased and used for conjugation of the peptides, were not compatible with the proteins used in this study. It was therefore necessary to synthesize heterobifunctional acryloyl-PEG succinimidyl carbonate (PEG-SMC) in-house. PEG-SMC is functionally similar to the commercially available PEG-SCM, but has a longer reaction half-life and thus can be used under aqueous conditions. PEG (molecular weight 3400 Da; Fluka/Sigma) was reacted with Ag 2 O (Sigma, St. Louis, MO), acryloyl chloride (Sigma) and KI (Sigma) in anhydrous dichloromethane (DCM) (Sigma) at 4°C overnight, at molar excess ratios of 1.5, 1.1 and 0.3, respectively. Silver was removed by filtering the solution through Celite 521 (Spectrum Chemical Mfg Corp., Gardena, CA). A Rotovap was used to dry the solution prior to dissolution in deionized H 2 O. The pH was adjusted to 3 with HCl and the solution was heated to 35°C for 1 h. Iodine was removed by adding activated charcoal (Fisher, Pittsburg, PA) and the solution was filtered through Celite 521. NaCl and DCM were added, followed by DCM extraction. Phase separation with 2 M K 2 CO 3 was used to remove acid and chloride ions. Monoacrylated PEG was dried with sodium sulfate (Fisher), and a Rotovap was used to concentrate the solution, followed by ethyl ether precipitation and vacuum filtration. A four molar excess of disuccinimidyl carbonate (Sigma) was reacted with the monoacrylated PEG in anhydrous acetonitrile (Sigma) and pyridine (Sigma) under argon overnight. The product was dried using a Rotovap prior to dissolution in anhydrous DCM. The solution was filtered, and PEG-SMC was purified in acetate buffer (0.1 M, pH 4.5, 15% NaCl) via phase separation. The purified PEG-SMC was dried with anhydrous MgSO 4 . PEG-SMC was precipitated into ethyl ether, filtered and dried overnight under vacuum. PEG-SMC was characterized by proton nuclear magnetic resonance spectroscopy ( 1 H NMR) (Avance 400 Hz, Bruker, Billerica, MA) and matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF) (Bruker Daltonics, Billerica, MA). The final PEG-SMC product was stored at À80°C under argon.
Synthesis of PEG-PDGF-BB and PEG-FGF-2
In-house synthesized acryloyl-PEG-SMC was dissolved in 50 mM sodium bicarbonate buffer (pH 8.5) and sterilized via filtration (0.2 lm). PDGF-BB (ProSpec Bio, Israel) was conjugated to PEG-SMC using a 400:1 PEG-SMC:PDGF-BB molar ratio in 200 mM sodium bicarbonate buffer (pH 8.5) at 4°C for 4 days (Fig. 1) . The resulting PEG-PDGF-BB solution was lyophilized under sterile conditions. PEG-PDGF-BB powder was reconstituted and stored in HEPES-buffered saline (HBS) (100 mM NaCl, 10 mM HEPES in deionized water, pH 7.4) with 0.1% BSA at 4°C for up to 3 months. A similar procedure was followed for PEG-FGF-2 (ProSpec Bio) at a 100:1 PEG-SMC:FGF-2 M ratio. All growth factor conjugations were confirmed via Western blot analysis on a 15% Tris-HCl precast polyacrylamide gel (BioRad, Hercules, CA). Primary antibodies included rabbit polyclonal anti-PDGF-B antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and rabbit polyclonal anti-FGF-basic antibody (Millipore, Billerica, MA). Secondary horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (Santa Cruz Biotechnology) and an ECL™ chemiluminescent Western blotting analysis system (GE Healthcare, Chalfont St. Giles, UK) were used. The Western blot membrane was exposed to film (Kodak, Rochester, NY) for 15 s and developed using Micromax Developer (Hope, Seattle, WA) with T 2 developer and T 2 fixer (White Mountain Imaging, Salisbury, NY). The presence of PEG was confirmed using a PEG stain adapted from Zhang et al. [19] , which allows barium iodine to react with PEG to form a yellow color.
Unconjugated PDGF-BB was quantified using a PDGF-BB ELISA (R&D Systems, Minneapolis, MN). PEG chains mask antibody binding to PEG-PDGF-BB, so the amount of unconjugated PDGF-BB was quantified after running a sample of the reacted solution on an ELI-SA compared with a soluble PDGF-BB standard curve. With the amount of soluble PDGF-BB quantified, appropriate concentrations of PEG-PDGF-BB were calculated.
Formation and surface modification of PEGDA hydrogels
6 kDa PEGDA was dissolved in HBS to a 10 wt.% polymer solution. A stock solution of the photoinitiator 2-dimethoxy-2-phenylacetophenone (acetophenone) (Sigma) was prepared by dissolving 300 mg acetophenone in 1 ml of N-vinylpyrrolidone (NVP) and then added to the polymer solution at a concentration of 10 ll ml
À1
. The solution was vortexed and sterile filtered. Hydrogels were polymerized between two glass slides separated by a 0.75 mm thick poly(tetrafluoroethylene) (PTFE) spacer. The glass slides and spacer were secured using clips. The polymer solution was exposed to UV light (B-200SP UV lamp, 365 nm, 10 mW cm À2 ) for 30 s and stored in PBS with 0.1% sodium azide.
The effects of PEGylated proteins in 2D were studied by modifying the surface of bulk PEGDA hydrogels as previously described [20] . Briefly, 5 mm diameter circles were punched from the hydrogel slabs prepared above. A solution containing 10 ll ml À1 acetophenone along with PEG-RGDS and PEGylated growth factors was then added in sufficient volume to completely cover the surface of the hydrogel. The exact combination and concentrations of each factor are given in the individual experiments below. Hydrogels were then exposed to UV light for 2 min, followed by soaking in sterile PBS to allow swelling and removal of the photoinitiator solution.
Patterned hydrogel surfaces were also made to emphasize the utility of spatial control of PEG-PDGF-BB. Hydrogels were patterned by pipetting a solution containing 10 ll ml À1 acetophenone along with PEGylated growth factors onto the surface of a 5 mm diameter punch of a bulk hydrogel. A black transparency was used to block UV light from part of the gel. Hydrogels were exposed to UV light for 2 min, followed by extensive rinsing. PEG-RGDS was then immobilized on the entire surface by adding a solution containing 10 ll ml À1 acetophenone with PEG-RGDS to completely cover the surface of the hydrogel followed by UV light exposure for 2 min.
For all studies unconjugated PDGF-BB and PEG-SMC were removed via diffusion before the hydrogels were used. Alternatively, soluble PDGF-BB could also be left in place to act as a diffusible growth factor to encourage cell migration in the surrounding tissue for other applications.
To quantify the surface concentration of immobilized PEG-PDGF-BB hydrogels were synthesized as described above and then degraded in 0.1 N sodium hydroxide for 3 days. After complete hydrogel degradation the protein concentration was read on a Nanodrop 2000 (Thermo Scientific, Wilmington, DE).
Bioactivity of conjugated PDGF-BB via 10T1/2 proliferation
In order to evaluate the bioactivity of covalently attached PEG-PDGF-BB, 10T1/2 cells (8.5 Â 10 4 cells cm À2 ) were seeded onto gels modified with 5 mg ml À1 PEG-RGDS alone or in combination with 0.70 nmol ml À1 PEG-PDGF-BB. As a positive control, 0.70 nmol ml À1 soluble PDGF-BB was added to the medium of gels modified with PEG-RGDS alone. Cells were imaged using an Axiovert 135 (Zeiss) inverted fluorescence microscope after 48 h culture. Cell nuclei were visualized via incubation with Hoechst 33342 dye (Sigma) at a concentration of 5 lg ml À1 in DMEM without serum for 1 h at 37°C. Four fluorescent images were taken per gel at excitation = 350 nm and emission = 460 nm. Cell nuclei were quantified using ImageJ. Cell counts in the presence of PDGF-BB were normalized to counts on surfaces modified with PEG-RGDS alone. Data from three separate experiments using gels with PEG-RGDS (n = 31), PEG-PDGF-BB and PEG-RGDS (n = 28) and PEG-RGDS and soluble PDGF-BB (n = 18) were pooled for statistical analysis as described below.
Quantification of tubule formation
To investigate the impact of covalently incorporated growth factors on vascular tubulogenesis, surface-modified PEGDA hydrogels were used. Bulk hydrogels were prepared from 10% 6 kDa PEGDA and surfaces were modified as described above. Four modified surfaces were investigated: (1) 7.5 lmol ml ) or a co-culture of HUVECs and 10T1/ 2 cells at a ratio of 4:1 were seeded onto the modified gels and cultured in EGM-2 medium either with or without FGF-2 and imaged using an Axiovert 135 (Zeiss) inverted fluorescence microscope. Hydrogels were observed over a 30 day period and images of the entire surface of the gels were merged in Adobe Photoshop Elements. Tubules and modified surface areas were traced in Adobe Illustrator and quantified using ImageJ. For gels seeded with HUVECs alone data from three separate experiments using gels with PEG-RGDS (n = 10), PEG-FGF-2 and PEG-RGDS (n = 3), PEG-PDGF-BB and PEG-RGDS (n = 10) and PEG-FGF-2, PEG-PDGF-BB (n = 4) were pooled. For the co-culture of HUVEC and 10T1/2 hydrogels data from three separate experiments using gels in medium with FGF-2 with PEG-RGDS (n = 10), PEG-FGF-2 and PEG-RGDS (n = 3), PEG-PDGF-BB and PEG-RGDS (n = 12) and PEG-FGF-2, PEG-PDGF-BB and PEG-RGDS (n = 12) were pooled. Similarly, data from three separate experiments using gels in medium without FGF-2 with PEG-RGDS (n = 7), PEG-FGF-2 and PEG-RGDS (n = 6), PEG-PDGF-BB and PEG-RGDS (n = 8) and PEG-FGF-2, PEG-PDGF-BB and PEG-RGDS (n = 7) was pooled.
Immunohistochemistry
To examine tubule morphology, immunohistochemistry was performed to identify endothelial pericyte cell markers. After 30 days in culture the gels were fixed in 4% paraformaldehyde for 30 min and washed with phosphate-buffered saline (PBS). Cells were permeabilized with 0.5% Triton X-100 for 10 min followed by a second PBS wash. 3% normal donkey serum (Sigma) was used as a blocking agent prior to application of the primary antibodies. Gels were incubated over- 
Cellular encapsulation into hydrogels
To further understand the effects of covalently immobilized growth factors on cells in 3D HUVECs were encapsulated in MMP-sensitive hydrogels containing covalently immobilized growth factors. HUVECs were fluorescently labeled the day before encapsulation by incubation with 10 lg green CMFDA Cell Tracker Ò (Invitrogen, Eugene, OR) in the culture medium for 1 h. Following incubation, the cells were rinsed with PBS and fresh medium was added.
Polymer solution was prepared in HBS (10 mM, pH 7.4) with a final formulation of 10% PEG-PQ-PEG, 3.5 lmol ml À1 PEG-RGDS and 0.3% (w/v) Irgacure 2959 (Ciba Corp., Basel, Switzerland). Four treatment groups were observed, including hydrogels containing (1) PEG-RGDS alone, (2) PEG-RGDS and PEG-FGF, (3) PEG-RGDS and PEG-PDGF-BB and (4) PEG-RGDS, PEG-FGF-2 and PEG-PDGF-BB. 0.03 nmol l À1 PEG-FGF and 0.08 nmol l À1 PEG-PDGF-BB were used for both the individual factor groups and the combination of factors. Fluorescently labeled HUVECs were harvested using trypsin-EDTA and counted using a Coulter counter to determine the cell concentration. After counting the cells were pelleted by centrifugation at 2700 rpm for 4 min and resuspended in polymer solution to a concentration of 30,000 cells ll À1 . 5 ll droplets of cell-laden polymer were formed and exposed to UV light for 7 min and the resulting cell-laden hydrogels were immediately immersed in EGM-2 medium for in vitro analysis. Activity of the cells in the hydrogels was monitored for 60 h using a Zeiss LSM 5 LIVE confocal microscope. Images were captured every hour and analyzed using Logger Pro Software to track cell movement. Data from three separate experiments were pooled (n = 30) for data analysis.
Zymography
To determine MMP activity the medium was collected from gels with encapsulated HUVECs 60 h after encapsulation. Standard zymography was performed on a 10% precast polyacrylamide gel with gelatin (BioRad, Hercules, CA) following a Millipore protocol. Briefly, after running electrophoresis the gels were immersed in a 25% Triton X-100 solution in water with gentle mixing for 30 min. After decanting the solution a developing buffer (50 mM Tris base, 50 mM Tris-HCl, 0.2 M NaCl, 5 mM CaCl 2 , 5 mM Brij 35) was applied overnight at 37°C. Gels were then stained with Coomassie brilliant blue and destained with methanol:acetic acid:water (50:10:40). Gel images were obtained using a Fujifilm LAS 4000 and analyzed for the presence of MMP bands.
Hydrogel implantation into the mouse cornea
Hydrogels were prepared following the protocol outlined in Poche et al. [21] . Briefly, the prepolymer solution was prepared as a 10 wt.% (100 mg ml) of PEG-PQ-PEG, 3.5 lmol ml À1 PEG-RGDS, 10 ll ml À1 acetophenone stock solution and 160 ng soluble PDGF-BB per gel, with or without 1.6 ng PEG-PDGF-BB per gel (n = 8). Hydrogels were prepared by injecting 0.12 ll of polymer solution in between glass slides spaced by a 0.005 in thick PTFE spacer secured with binder clips and exposed to UV light for 2 min.
Bioactive hydrogels were implanted into the cornea following a modified mouse cornea micropocket angiogenesis assay [22] . All animals were used under an approved protocol of the Institutional Animal Care and Use Committee at Baylor College of Medicine. Briefly, mice were anesthetized and a partial thickness incision of approximately 50 lm in depth was made. A micropocket in the cornea stroma was made using a Von Graff knife with immediate hydrogel implantation after crosslinking. Flk1-myr::mCherry transgenic mice were utilized, which enabled visualization of vessel invasion via endothelial cell-specific florescence [23] . Mice were euthanized and the corneas collected and fixed in 4% paraformaldehyde 14 days after implantation. Flat mounts of tissue were made and imaged in a Zeiss LSM 510 META confocal microscope using a 40Â/1.2NA C-Apochromat water immersion objective lens corrected for UV/visible/infrared with a working distance of 0.28 mm. A 543 nm laser was used to excite the mCherry fluorophore. Images of vessels on the hydrogel were compiled from projections of z-stacks exactly 22 lm in thickness, spaced 1.1 lm apart.
Statistics
One-way ANOVA and subsequent Tukey's least significant difference (LSD) tests were used to statistically analyze the bioactivity of PEG-PDGF-BB and HUVEC tubulogenesis on surface-modified hydrogels and the movement of cells inside the hydrogels. In the tubulogenesis study a generalized linear model in Minitab was used to analyze statistical differences in tubule formation of the co-culture of HUVEC and 10T1/2 cells. For each analysis P < 0.05 was considered significant.
Results
Polymer characterization
Conjugation of acryloyl-PEG-SMC to the primary amines of PDGF-BB was confirmed using a Western blot. Conjugated PDGF-BB was compared with unmodified PDGF-BB, with an increase in molecular weight representing conjugation of PEG chains to the protein (Fig. 2A) . The presence of an intense PEG band after PEG staining (arrow, Fig. 2B ) at the same molecular weight as the conjugated PDGF-BB band on the Western blot further verified PEG conjugation.
PEG-PDGF-BB bioactivity
Bioactivity of the conjugated PDGF-BB was confirmed by quantifying 10T1/2 cell proliferation on surfaces modified with PEG-RGDS and PEG-PDGF-BB compared with surfaces modified with PEG-RGDS alone. Soluble PDGF-BB was added to the medium of some gels modified with PEG-RGDS to serve as a positive control. As shown in (Fig. 3A) , 10T1/2 cell proliferation increased significantly in the presence of either soluble or bound PDGF-BB at 48 h (ANOVA, P < 0.05). There was no significant difference in proliferation in the presence of soluble PDGF-BB compared with PEG-PDGF-BB, suggesting that bioactivity of this growth factor wais not adversely affected by conjugation to PEG. The capability to spatially control immobilized PDGF-BB was demonstrated with hydrogels patterned with immobilized PDGF-BB (Fig. 3B and C) . 10T1/2 cells were evenly seeded on surfaces with and without PEG-PDGF-BB at 4 h (Fig 3B) . By 48 h 10T1/2 cells seeded onto these patterned hydrogels appeared to have proliferated more on areas with immobilized PDGF-BB (Fig 3C) .
Covalently immobilized PDGF-BB promotes tubulogenesis
30 days after seeding HUVECs on surfaces modified with PEG-RGDS and PEG-PDGF-BB endothelial cell tubules and branching networks were visible (Fig. 4A) . HUVECs on surfaces modified with PEG-RGDS alone exhibited the normal cobblestone morphology of the cell type (Fig. 4B) . Early tubulogenesis was apparent after 18 days, with robust tubulogenesis at day 30. The presence of tubulogenesis after 30 days suggests that the bioactivity of covalently immobilized PEG-PDGF-BB was maintained. Statistical analyses indicated significantly higher tubule formation on surfaces modified with PEG-RGDS and PEG-PDGF-BB, as well as surfaces modified with the combination of PEG-RGDS, PEG-PDGF-BB and PEG-FGF-2, when compared with surfaces modified with PEG-RGDS alone (ANOVA with Tukey's LSD, P < 0.05, Fig. 4C ).
Tubule formation by co-cultures of HUVEC and 10T1/2 cells is independent of surface modification
The co-culture of HUVECs and 10T1/2 cells in a 4:1 ratio was seeded onto PEGDA hydrogels modified with cell-adhesive peptides and growth factors. Cells in these studies formed tubules within 6 days, with some tubule formation visible by 2 days. Tubulogenesis was independent of surface modification, indicating that covalently immobilized FGF-2 and PDGF-BB are not necessary to stimulate tubule formation. Additionally, because FGF-2 is known to antagonize the TGF-b1-dependent differentiation of 10T1/2 cells into pericytes, cultures were maintained in medium both with and without this additive. A generalized linear model in Minitab showed a significant difference in tubule formation between these two experimental groups ( Fig. 5 , P < 0.0005), with FGF-2-free medium resulting in the greatest degree of tubulogenesis.
Endothelial and smooth muscle cell marker expression induced by immobilized PEG-FGF-2 and PEG-PDGF-BB
Immunohistochemistry was performed to confirm the expression of endothelial and smooth muscle cell markers in tubules formed by co-cultures of HUVEC and 10T1/2 cells on modified surfaces. 10T1/2 cells were found to express smooth muscle a-actin, suggesting a pericyte phenotype (Fig. 6) . PECAM-1 labeled HUVECs formed extensive and branching tubule networks throughout the surface. No visible difference in tubule formation was observed between cells seeded on surfaces modified with PEG-RGDS alone or with the cell-adhesive peptide in combination with PEG-PDGF-BB and/or PEG-FGF-2. This suggests that tubule formation in the co-culture of HUVECs and 10T1/2 cells was independent of surface modification ( Fig. 6AA and B) . Upon closer examination single 10T1/2 cells were found to associate with multiple HUVECs in a typical pericyte ''umbrella-like" morphology (Fig. 6C) . In addition, the appearance of large vacuoles within HUVECs in these networks (arrows, Fig. 6D ) was suggestive of the early stages of capillary lumen formation.
Covalently immobilized PEG-PDGF-BB promotes cell migration in 3D degradable hydrogels
Time lapse confocal microscopy of fluorescently labeled HUVECs encapsulated in 3D degradable hydrogels (Supplementary videos) exhibited a significant increase in migration distance per hour in the presence of covalently immobilized growth factors. Cell movement was quantified for the first 14 h, at which time extensive cell clumping and eventual gel collapse hindered measurement. Endothelial cells encapsulated in 3D degradable hydrogels exhibited significantly higher migration in the presence of covalently immobilized PEG-PDGF-BB and PEG-FGF-2 compared with hydrogels containing only PEG-RGDS (Fig. 7A, * P < 0.01). Also, PEG-FGF-2 significantly increased migration relative to PEG-PDGF-BB (Fig. 7A, # P < 0.05), most likely due to the role of FGF-2 as a chemoattractant [24] . The combination of covalently immobilized PEG-PDGF-BB and PEG-FGF-2 was found to significantly increase migration (Fig. 7A , * P < 0.01) and decrease the time to gel collapse (Fig. 7B, * P < 0.01) compared with presentation of either of the factors alone.
MMP activation in response to covalently immobilized growth factors
Gelatin zymography was performed to analyze the presence of MMP-2 in hydrogels containing encapsulated HUVECs with covalently immobilized growth factors (Fig. 8) . Interestingly, the 72 kDa pro-form of MMP-2 was present in all samples, but only samples with covalently immobilized PEG-PDGF-BB and/or PEG-FGF-2 contained active MMP-2 (68 kDa), which complements the increase in cell movement in the same materials.
PEG-PDGF-BB enhances in vivo vascular response
To confirm the bioactivity of PEG-PDGF-BB during angiogenesis in vivo hydrogels containing PEG-PDGF-BB were implanted into the mouse cornea, a well-defined method to assess angiogenesis [25] . Hydrogels containing soluble PDGF-BB initiated an angiogenic response by stimulating vessels from the surrounding limbus to invade the normally avascular cornea. Once vessels reached the bioactive hydrogel the immobilized PEG-PDGF-BB (Fig. 9B ) induced a more robust vascular response than hydrogels with soluble PDGF-BB alone (Fig. 9A) . 
Discussion
Controlled delivery of PDGF has been investigated in several forms. Primarily, biomaterials have been employed as slow release delivery mechanisms [26] . Rather than relying on growth factor release, fibrin matrices using heparin binding to mimic the body's delivery system have also been designed to deliver PDGF-BB and FGF-2, which increased fibroblast proliferation in tendon tissue Maleimide functionalized PDGF-AA was immobilized to a natural material, agarose, containing sulfhydryl groups and used for the known effect of PDGF-AA in regulating the differentiation of neural stem cells [28] . Chen et al. introduced sulfhydryl groups into collagen scaffolds and used them to immobilize PDGF-BB, which stimulated fibroblast proliferation and increased blood vessel density after subcutaneous implantation [29] .
The current work focused on PDGF-BB for its involvement in angiogenesis. PDGF-BB was conjugated to PEG and immobilized in synthetic PEG-based scaffolds, which allowed precise control over incorporated biological molecules, as well as the mechanical properties. PEG-PDGF-BB was shown to maintain bioactivity in a cell proliferation assay. In addition, PEG-PDGF-BB and PEG-FGF-2 demonstrated usefulness in stimulating angiogenesis in engineered PEG-based hydrogels.
Angiogenesis requires the precise coordination of various signaling molecules to form stable and functional vessels. While combinations of growth factors have been used in releasable form, they have never been presented in an immobilized form. This work demonstrates the feasibility of using immobilized PDGF-BB with FGF-2, a previously established synergistic combination [15] , to promote endothelial migration in 3D. HUVECs seeded onto modified surfaces exhibited significantly higher tubule formation on surfaces modified with PEG-RGDS and PEG-PDGF-BB and the combination of PEG-RGDS, PEG-PDGF-BB and PEG-FGF-2 compared with surfaces modified with PEG-RGDS alone. Here we have shown that growth factors can be used to assist endothelial cells in forming tubes, with robust tubule formation in 30 days.
Capillaries are naturally composed of two cell types, with stabilizing pericytes needed to promote endothelial cell survival [30] and form the basement membrane required for vessel stabilization and function [31] . Furthermore, vessels lacking pericytes exhibit undesirable features, such as leakage and impaired perfusion due to abnormal endothelial junctions, endothelial hyperplasia and hypervariable diameter [2] . In order to more rapidly form stable tubule networks, this work made use of a co-culture of HUVEC and 10T1/2 cells, which has previously been shown to form stable vessels in vivo [16] . Mouse pericyte precursor 10T1/2 cells are known to differentiate into pericytes in the presence of HUVECs via the TGF-b1 pathway [17] . The co-culture of HUVEC and 10T1/ 2 cells confirmed the role of stabilizing pericytes, as the presence of 10T1/2 cells was sufficient to induce tubule formation independent of surface modification as early as 2 days after cell seeding. While robust tubule formation was visible 6 days after cell seeding, regression of tubules was observed at later time points.
FGF-2 is a known antagonist of the TGF-b1-dependent differentiation of 10T1/2 cells into pericytes, and thereby is an important factor in the stabilization of new vessels. In this work the removal of FGF-2 from the culture medium resulted in increased tubule formation by HUVECs and 10T1/2 cells seeded on modified surfaces, suggesting that the critical pericyte differentiation had occurred. Confirmation of the presence of endothelial pericyte markers via immunohistochemistry further supported this reasoning. As a demonstration, tubule-like networks were visible on all surfaces, with smooth muscle a-actin-positive cells seen extending over several endothelial cells in a pericyte-like fashion. Furthermore, the presence of multiple large vacuoles within endothelial cells suggested lumen formation and capillary development [32] on these functionalized hydrogels.
Reduced tubule formation in the presence of FGF-2 in vitro may affect the design of the hydrogels for in vivo use. Koike et al. [16] have shown that a co-culture of HUVEC and 10T1/2 cells is capable of forming functional tubule networks in vivo, which is supported by the tubule formation seen in this in vitro work. However, to enhance tubule formation local FGF-2 may need to be reduced, possibly through the design of hydrogels with FGF-2 antibodies. As an alternative, hydrogels could be designed with only HUVECs with the addition of immobilized PDGF-BB, as the immobilized PDGF-BB induced HUVEC tubule formation.
It has been well established that growth factors, and in particular FGF-2 and PDGF-BB, effectively increase the migratory behavior of cultured endothelial cells. Soluble factors have been shown to induce a migratory phenotype, characterized by cytoskeletal rearrangement and pseudopodia formation, and to increase random movement in wound healing models of endothelial cells cultured in monolayer [33, 34] . In the present study we observed a similar effect in degradable hydrogels containing immobilized PEG-FGF-2 and PEG-PDFG-BB. HUVECs encapsulated in these MMP-sensitive hydrogels exhibited a significant increase in random migration distance per hour compared with materials without the growth factors. In addition, the combination of PEG-FGF-2 and PEG-PDGF-BB resulted in a decreased time to gel collapse, likely due to FGF-2-induced PDGF receptor expression in vascular endothelial cells [35] . Synergism may result from PDGF-BB inducing a positive feedback signal to amplify FGF-2 expression in vascular mural cells, which in turn enhances mural PDGF b-receptor expression [35, 36] .
Growth factors stimulate a cellular response, including release of MMP-2 and MMP-9. The degradable hydrogels used in this work were comprised of crosslinked polymer chains that contained a protease-sensitive, PQ peptide, segment. As such, when MMPs were secreted near or within the hydrogel material the PQ peptide was degraded, causing the polymer backbone to fragment. As more peptides were cleaved polymer fragments were released into solution and the hydrogel lost its integrity. In the current study the increase in cell motility in the presence of growth factors appeared to have hastened the collapse of the collagenase-sensitive hydrogel, presumably due to the secretion of MMPs by migrating cells. This reasoning is supported by results from gelatin zymography, which confirmed the presence of MMP-2 in hydrogels containing encapsulated HUVECs. MMPs play an active role in angiogenesis, particularly MMP-2, by enabling migration by sprouting endothelial cells and by regulating growth factor release and activation [37] . In addition, MMP activity is often controlled by proteolytic cleavage, in which a propeptide is cleaved to generate an active form of the enzyme. Interestingly, only samples with covalently immobilized growth factors contained active MMP-2 (68 kDa), which complements the increase in cell movement and earlier hydrogel collapse in the same materials.
Controlled delivery of PDGF-BB is particularly useful for in vivo applications. Soluble PDGF-BB was necessary to stimulate the initial angiogenic response of the surrounding limbic vessels into the cornea. Since soluble PDGF-BB degrades very rapidly in vivo, the presence of PEG-PDGF-BB enables prolonged angiogenic signaling on the hydrogel, leading to an increase in vessel density and diameter. This manuscript presents the first work with a PEGylated growth factor in vivo.
Conclusion
Biomimetic hydrogels can be designed to incorporate cell-adhesive sequences and covalently immobilized growth factors to stimulate a desired cellular response in tissue engineered constructs. This work has demonstrated that PEG-PDGF-BB is bioactive and can be successfully incorporated into PEG-based hydrogels alone and in combination with PEG-FGF-2. HUVECs seeded onto hydrogel surfaces modified with covalently immobilized growth factors formed extensive and branching networks of tubules. Additionally, a co-culture of HUVECs and mouse pericyte precursor 10T1/2 cells seeded onto modified surfaces induced tubule formation independent of growth factor modification as early as 2 days after cell seeding. Endothelial cells encapsulated in MMP-sensitive hydrogels with covalently immobilized growth factors exhibited the key steps in angiogenesis, such as a significantly higher migration rate and MMP-2 activation. Finally, bioactive hydrogels containing both soluble PDGF-BB and immobilized PEG-PDGF-BB led to a significant increase in vessel density when assessed in the mouse cornea angiogenesis assay compared with hydrogels with soluble PDGF-BB alone. Further work is necessary to determine the optimal combinations of cell types as well as both bound and soluble growth factors to form stable and functional vascular networks.
The results presented here demonstrate the potential of biomimetic, PEG-based hydrogels containing immobilized growth factors as a promising methodology to engineer a microvascular system within tissue engineered constructs for regenerative medical applications.
